Contamination of the anaesthetic machine and breathing system by the environment and by patient exposure has been shown to occur. Outside the intensive care setting, however, it is difficult to demonstrate that the anaesthetic machine and breathing system are a vector for patient cross-infection. Bacterial and viral filters for use within the breathing system have been shown to be very effective for filtration, yet their use has not been demonstrated to be of benefit in the prevention of cross-infection between patients. Several instances of patient morbidity are a direct consequence of filter use. The use of bacterial/viral filters may represent another step towards defensive medical practice.
The question of patient cross-contamination via anaesthetic apparatus is not new and has been revived over the years. In New South Wales in 1993, of eleven people undergoing operations in one theatre during a single session, two people presented at five weeks and three presented seven weeks later with acute hepatitis. Subsequent serology on all patients revealed five with hepatitis C virus antibodies (anti-HCV), all with the genotype 1a. These patients were numbers 5, 6, 8, 9, 10 on the theatre list. After interview, only patient number 5 had risk factors for hepatitis C infection. Members of staff present for that theatre session all tested anti-HCV negative. One patient undergoing a procedure in that theatre the previous day was found to have chronic hepatitis C infection, probably acquired some time before this event, and of a different genotype. All five patients on the index session received a general anaesthetic using a laryngeal mask and a common anaesthesia circuit. Patient 7 had a short intravenous general anaesthetic without use of a laryngeal mask or anaesthetic circuit. Although no specific mode of transmission has been identified, the authors suspect that infection with hepatitis C virus (HCV) was due to contamination of the common anaesthetic breathing system in use for that theatre session and subsequent cross-infection of the following patients 1 .
This incident is a timely reminder that there is a continuing interaction at a microbiological level between the anaesthetist, the patient, the equipment and the environment. Further review of the techniques may prove fruitful in determining the cause of both contamination and cross-infection. Awareness of infection risks during anaesthesia highlights the current role of bacterial/viral filters.
CONTAMINATION OF ANAESTHETIC EQUIPMENT
It has been recognized for many years that anaesthetic apparatus may be contaminated from two sources-the patient and the environment (notwithstanding the anaesthetist and poor decontamination procedures). Concern was initially for the spread of tuberculosis 2 . Researchers have microbiologically evaluated anaesthetic equipment, particularly the breathing system, in a number of conditions-clean, following exposure to a simulated patient, and following patient exposure.
Environmental contamination
A number of researchers have found contamination of clean machines and breathing systems by environmental organisms. Luttropp and Berntman 3 found that seven of eight contaminated unused sets of breathing system tubing grew bacteria, such as Staphylococcus epidermidis, Propionobacterium acnes, micrococcus and bacillus species. Shiotami, Nicholes, Ballinger and Shaw 4 demonstrated that 50% of clinically clean unused tubing yielded environmental organisms and non-pathogenic skin flora. Similarly, du Moulin and Saubermann 5 demonstrated contamination of clean tubing, most of which was environmental in origin. Most were bacillus species, although the occasional diphtheroid, staphylococcus and fungal contaminant were reported. These are organisms of low pathogenicity and have not been implicated in postoperative infections. Gallagher, Strangeways and Allt-Graham 6 reported similar findings in half of the clinically clean unused tubing subjected to rinsing and culturing of the washings. Ibrahim and Perceval 7 examined the rinsings of ten sets of cleaned dry circuit tubing. Six sets were found to carry a variety of diphtheroids, bacilli and gramnegative rods.
The patient as a source of contamination
Several workers have tried to quantify the infective capabilities of patients. Duigood 8 some years ago measured 0-250 bacteria-laden doplets emanating from the airway while speaking an average sentence. Coughing and sneezing generated between 3,500 and 1 million bacteria-bearing droplets. Most organisms expelled originate largely from the anterior oropharynx, rarely from the nose or pharynx. As droplets fall they evaporate, leaving a bacterial "droplet nuclei", which can be carried great distances and constitute the greatest risk of infection. The size of droplets produced by the airways depends on the velocity of the gas, surface tension of the liquid and relative humidity of the air. In a sneeze, air velocity approaches 300 m/s, resulting in a range of droplet sizes 9 , the mean diameter approximating 10 microns. Normal breathing gives rise to larger drops that tend to fall out of the gas stream rapidly. As a state of quiet breathing is most commonly encountered during anaesthesia, it would appear that very few organisms would be liberated. Duigood 10 then examined three groups of patients suffering from streptococcal infections, diphtheria, or tuberculosis. Patients were asked to cough on either a culture plate or a microscope slide. Only 39 of 87 patients with haemolytic streptococci expelled organisms that were detectable, with an average of two infected drops per cough. Of 50 patients with diphtheria, only 10 yielded bacilli with voluntary coughing. Half the patients with open tuberculosis released acid-fast bacilli. However, only 36 droplets of the 410 collected in 120 coughs contained tubercle bacilli. Acid-fast bacilli were the only organisms in this group of three to be present in secretions in the anterior half of the mouth. Shiotani et al 4 employed an Anderson Sampler 11 to measure bacteria emitted in the expired gases of intubated patients. An average of 0.64 organisms emitted per minute was derived, without defining the types of microorganisms present.
Several researchers have attempted to simulate conditions that should provide a bacteriological challenge to the breathing system, ventilator and machine, to determine if contamination were possible. Murphy, Fitzgeorge and Barrett 12 demonstrated that, in an anaesthetic breathing system and ventilator subject to challenge with a bacterial aerosol, the highest rate of recovery of organisms occurred in the tubing. They note that the structure of corrugated flexible tubing favours the retention of organisms. Leitjen, Rejger and Mouton 13 contaminated an anaesthetic machine by a nebulized suspension of bacteria and found contamination of the breathing system. Components closest to the simulated patient showed the highest degree of contamination. The ventilator bellows and reservoir bag also became contaminated with the test organism. Shiotani et al 4 found that rubber rebreathing hoses may retain 36.4% of nebulized bacteria when dry, and 70.7% when wet. Murphy et al 12 found that an anaesthetic breathing system retained about 15% of organisms passed through in a challenge aerosol, with most (12%) being found in the tubing. About 1% were recovered from the reservoir bag, while the inlet and outlet valves retained 0.044% and 0.016% respectively.
These results support clinical data. MacCallum and Noble 14 demonstrated that 50% of airborne salivary organisms could traverse one metre of corrugated tubing. Pandit, Mehta and Agarwal 15 examined equipment exposed to volunteers suffering a variety of infective diseases, such as tonsillitis, pharyngitis, bronchiectasis, lung abscess and pulmonary tuberculosis and confirmed equipment contamination, but also concluded that most organisms isolated from the equipment were commensals or low pathogenic organisms, such as Staphylococcus albus, Streptococcus viridans and diphtheroids. Pathogenic organisms, such as Pseudomonas aeruginosa, Streptococcus haemolyticus, Staphylococcus pyogenes and Streptococcus pneumoniae were principally isolated from the facemask and angle-piece. No tubercle bacilli could be isolated from tuberculosis patients who breathed and coughed into the system . This agrees with even earlier work by Jenkins and Edgar 16 . They isolated skin and nasal flora, such as diphtheroids and Staphylococcus epidermidis. Colonization has also been demonstrated within the inspiratory tubing by Craven and Driks 17 , possibly indicating that contamination can occur in retrograde fashion against gas flows.
Malecka-Griggs and Reinhardt 18 were the first to perform a quantitative and qualitative microbiological assessment of the breathing system using direct dilution sampling, demonstrating significant contamination of ventilator breathing systems. In ventilated patients in an Intensive Care Unit using the breathing system for 24 hours, 95% of ventilator breathing systems, 57% of water traps, 55% of Cascade humidifiers and 88% of inspiratory tubing became contaminated. Identification of the organisms revealed predominantly gram-negative nonfermenters (acinetobacter, pseudomonas), although there were a few fermenters (klebsiella, proteus, enterobacter), and infrequently a gram-positive streptococcus and staphylococcus was noted. The colonization of tubing appears to be rapid, occurring in 33% of ventilators after only two hours 19 . Similarly, humidification apparatus may quickly become contaminated and be the source of further bacterial spread 20, 21 .
In contrast, Ibrahim and Perceval 7 have suggested that patients do not contaminate breathing system tubing during use. The rinsings of cleaned dry circuit tubing were examined and compared to the rinsings of 20 randomly chosen used sets of breathing tubes. No viridans streptococci were isolated from the used tubing, a common harmless oral commensal that, if present, would lend strong support to contamination by the patient.
The environment of the anaesthesia machine and circuit
Though bacteria have been isolated from both simulated models and following patient exposure, du Moulin and others believe the anaesthetic machine and circuit to be a hostile environment for many organisms. The effects of temperature 22 , humidity changes 23 , droplet evaporation 24 and oxygen concentration may all be detrimental to organism survival. Temperature and humidity within the anaesthetic circuit inhibit evaporation of droplets, as does the presence of a solute within saliva and respiratory secretions 25 . Accumulated water from droplets pools via gravity, with some evaporation occurring. This may be sufficient to cool bacteria and depress their metabolic function 24 . Shifts in humidity, usually accompanied by shifts in temperature, are probably responsible for the greatest percentage of bacterial killing within the anaesthetic system 26 . Gram-negative organisms are particularly sensitive to both these changes. Increasing relative humidity is thought to be lethal to organisms by disrupting the hydrogen bonding between water molecules and membrane bound proteins. Most surfaces are dry and inert, exposing organisms to the desiccating effects of dry anaesthetic gases. Metal surfaces may provide chromium, zinc and copper ions, all of which can be toxic in extremely small concentrations to vegetative bacterial cells 26 . Anti-static tubing inhibits the growth of Staphylococcus albus, and enterobacter does not survive in a closed system 27, 28 . However, many bacteria can survive dehydration by dry gases. Viruses can survive on inanimate surfaces for several hours 29 .
Soda lime and its accompanying canister have been investigated for their anti-bacterial properties. Leitjen et al 13 demonstrated a 200-fold reduction in contamination of tubing immediately after the soda lime canister. They postulated that the apparent removal of bacteria may be mechanical and/or chemical. Shiotani et al 4 suggested that carbon dioxide absorbers can trap 67% of nebulized bacteria when challenged. Murphy et al 12 demonstrated a bacterial retention rate of 60-95% from an aerosol passing through a canister at 10 litres/minute. Adriani and Rovenstine 10 were unable to demonstrate passage of Mycobacterium tuberculosum or Bacillus coli through a carbon dioxide absorber. They suggested the alkaline environment of the absorber canister may prevent colonization. Murphy et al 12 found that of eight common microorganisms in suspension, the addition of soda lime resulted in the non-viability of seven species in less than 10 minutes. The presence of water vapour within the soda lime canister should allow an alkaline film of pH~ 11 to develop on the granules of soda lime. The bactericidal effect of soda lime would require the impaction of the organism with the surface of the absorber material 12 . This has been demonstrated to be unreliable. Soda lime comes in a granular form of optimum mesh size to minimize resistance to breathing yet offer maximal surface area for carbon dioxide absorption. The reaction of carbon dioxide with soda lime is exothermic, the resultant heat production also being deleterious to organisms. However, soda lime does not appear to be bactericidal in low flow systems where bacterial survival has been demonstrated 12, 13 .
Anaesthetic gases have also been investigated for useful anti-bacterial activity. Oxygen concentrations as low as 1% are lethal to bacteria suspended in aerosols 26 . The antibacterial activity of the inhalational agents is less clear. Fox, White, Walker and Wedgewood 31 found no significant reduction in growth of respiratory tract flora in the presence of 5% halothane and 65% nitrous oxide. Replication of polio and influenza viruses was unaffected by 2% halothane 32 . Leitjen et al 13 found no significant difference in circuit contamination by bacterial challenge in the presence of 1% halothane. Others have found no demonstrable bactericidal action of 1% halothane and soda lime 4 , concluding that the anaesthetic agents offer no protection to the circuit.
Other workers have suggested that anaesthetic gases may in fact bestow some anti-bacterial properties to the breathing system. Mehta and co-workers 33 demonstrated statistically significant reduction in growth of Staphylococcus pneumoniae and Haemophilus influenzae exposed to clinical concentrations of halothane, trichlorethylene and methoxyflurane when incubated on both blood agar plates and an inert substrate (more relevant to the circumstances of contamination of an anaesthetic machine). Inhibition of bacterial growth was found to be dosedependent. The authors stress that they do not claim anaesthetic vapours to have anything more than a minimal anti-bacterial effect in clinical concentrations. In contrast Johnson and Eger 34 showed that all liquid anaesthetic agents demonstrated good bactericidal activity, suggesting that bacteria contaminating a vaporizer or opened container would not constitute a potential source of infection. This is probably not surprising, as halothane in its liquid form is an effective organic solvent. Antiviral activity was not tested.
Gas flow in an anaesthetic system has also been considered. Low gas flows were initially thought to be of greater risk of contaminating equipment because of greater temperature, humidity and degree of rebreathing in the circuit. Bengston and colleagues 35 found little evidence to support this. Similarly, Luttropp and Berntmann 3 found little evidence of contamination of low-flow anaesthesia systems in clinical practice. However, Leitjen et al 13 noted that higher gas flows were associated with decreased levels of circuit contamination, possibly via expulsion of the organisms from the circuit spill-valve.
On the currently available evidence it would appear that there are no sterile anaesthetic machines or breathing systems, that most are contaminated to a small degree by minor non-or low-pathogenic organisms, and that the equipment that does become contaminated with patient organisms is that in direct contact with the patient, such as the facemask and anglepiece. The exception is in the longer term ventilation of patients, usually in the intensive care setting, where the threat of pseudmonas infection and subsequent contamination of the ventilation apparatus is well documented.
ANAESTHETIC EQUIPMENT AS A VECTOR FOR CROSS-INFECTION
Infection of patients from respiratory apparatus was well identified by Phillips and Spencer 36 following an outbreak of Pseudomonas aeruginosa in patients subject to mechanical ventilation. Microbiological inspection of the ventilators demonstrated heavy contamination with Pseudomonas aeruginosa, especially the humidifier and inspiratory tubing. Routine cleaning methods at that time (without disinfectant) did not eliminate the organism. Seal and Strangeways 37 reiterated the problem of ventilator contamination by Pseudomonas aeruginosa in their Intensive Treatment Unit. Typing of Pseudomonas aeruginosa cultures demonstrated there was contamination of many patient-related items and that cross-infection was responsible for several cases of pseudomonas infection. Im, Fung, So and Yu 38 noted the direct surface spread of pseudomonads from ventilator tubing to the airways of three patients. This was found to result from inadequate disinfection of ventilator tubing, due to air-trapping and insufficient drying. Olds, Kisch, Eberle and Wilson 39 in 1972 described several cases of Pseudomonas aeruginosa respiratory tract infection acquired from a contaminated anaesthetic machine.
Efforts have been made to model the possible causes of infection from anaesthetic machines and breathing circuits. Pandit et al 15 examined gas passing through an artifically contaminated breathing circuit attached to a Boyle's Machine, and found that no organisms could be isolated. Ibrahim and Perceval 7 seeded anaesthetic tubing with "viridans streptococci" and staphylococcal bacteriophage and could find no contamination of the gas stream. Jenkins and Edgar 16 sampled the oxygen passing through anaesthetic tubing attached by facemask to volunteers. In one out of 22 cases, Staphylococcus aureus was being carried by the gas. In contrast, Nielson, Vasegaard and Stokke 40 using a similar method found "only nonaureus micrococci" in very small numbers in the anaesthetic gases. These were microorganisms of low pathogenicity and possibly contaminants. du Moulin and Saubermann 5 deliberately contaminated the expiratory port of a breathing circuit, then ventilated the circuit for three hours, using gas flows of 6 litres/ minute. They demonstrated the disappearance of the inoculum over several hours, but with no recovery of the bacteria downstream, suggesting the bacteria may have been destroyed.
Some would argue that the evidence implicating anaesthesia machines and breathing circuits in patient infection is minimal. Nielson, Jacobsen, Stokke, Brinklov and Christensen 41 suggest that, in light of only a few reports, a definite relationship between use of contaminated anaesthetic equipment and subsequent pulmonary infection remains to be established. Seal and Strangeways 37 found that no patients became infected with a pseudomonad subsequently isolated from a theatre ventilator common to a group of patients. A bacterial filter was not used in the breathing system. Feeley, Hamilton, Xavier, Moyers and Eger 42 compared sterile single-use breathing systems with reusable rubber breathing systems washed after use with soap and water, and dried. No bacterial filters were used. There was no difference in the rate of postoperative pulmonary infection between the two groups. Garibaldi, Britt, Webster and Pace 43 found no difference in the incidence of postoperative pneumonia in patients ventilated with a common anaesthetic machine and disposable tubing whether bacterial filters were used or not.
Anaesthetic apparatus may be responsible for patient infection in ways other than direct connection with the respiratory tract. Dyer and Peterson 44 examined the gas emitted from the exhalation, or spill-valve, of an anaesthetic machine. Challenge of the breathing circuit with a nebulized culture of Serratia marcescens allowed collection of the organisms on plates from directly below the spillvalve and up to 32 feet away. Leitjen et al 13 demonstrated that higher gas flows resulted in decreased levels of circuit contamination, presumably because more bacteria were expelled from the system. Christopher, Saravolatz, Bush and Conway 45 examined the ventilation of irradiated dogs, all with Pseudomonas aeruginosa pneumonia. All exhaled contaminated aerosols, which could be recovered at distances of less than two feet from the expiratory port when ventilated with non-humidified gases. Most notable was contamination of the tubing condensate. When using continuously heated aerosol, Pseudomonas aeruginosa could be recovered up to a distance of 15 feet from the expiratory port. The extent of contamination of tubing condensate was considerably greater. The results were disturbing because of the implication of contamination of wounds and theatre personnel. Findings from the Centre for Disease Control 46 identified the most common organisms causing surgical wound infection as the same organisms in contaminated anaesthesia machines. Albrecht and Dryden 47 predated this report with their use of a clean breathing system and soda lime absorber for each patient, with a reduction in postoperative infection rates from 35% to 6%. However, with the widespread use of scavenging, this should no longer be a problem.
In order to establish colonization and subsequent infection, organisms must be conveyed to a patient in large enough numbers. The patient must also have sufficiently depressed host resistance to facilitate the establishment of infection. Animal studies comparing various routes of infection with gram-negative bacilli demonstrate that the respiratory tract requires a greater inoculum to initiate infection than any other route 48 .
In light of the historical practice of anaesthesia equipment maintenance and the incidence of postoperative respiratory infection, simple measures (washing and drying) have been effective in preventing cross-infection by the majority of organisms in patients when immunological competence is not impaired. Patients considered an infectious risk have been scheduled last on the list, allowing subsequent decontamination of the anaesthetic equipment. However, this practice may not survive in the face of changing patient illness and presentation, where patients with previously unrecognized respiratory tract disease may present for surgery.
An increasing awareness of the complexity of patients presenting for anaesthesia or ventilation in an intensive care environment is crucial to modern practice. Surgery is associated with alterations in cellmediated and humoral immunity 49, 50 which may be accentuated by the clinical state of the patient and medications 41 . The use of oxygen at concentrations greater than 21% results in depression of alveolar macrophage function 26 . Reduction in immunological function, multiorgan failure and pre-existing sepsis combine to produce a patient exquisitely susceptible to organisms that may have, until now, been considered low-pathogenic and environmental. Postponement of patients with pulmonary disease and damaged host mechanisms (ciliary clearance an alveolar macrophage activity) may allow for improvement in the host defences 51 .
The evidence indicates that the anaesthesia machine and breathing system are possible sources of patient infection. The most likely infective agent would seem to be a pseudemonad, which is known to thrive in warm moist environments such as heated humidified gases in prolonged ventilation. There is a paucity of evidence involving other infective agents. However, as Nielson et al 41 conclude, most work indicates that cross-infection could occur, and that surgical patients have increased susceptibility to infection anyway. Given the lack of information about infection by viral agents it cannot be argued that the anaesthetic and breathing circuit pose a minimal infectious hazard to the patient. BACTERIAL/VIRAL FILTERS Bacterial filters have been under development since 1963 with the introduction of the Glove-Box Filter used to sterilize room air entrained within the ventilator 52 . The market is now inundated with a variety of filters from various manufacturers, some combined with moisture and humidity exchangers, and all representing added cost.
Current filters are classified into two groups. One group of filters utilizes an extremely compact fibre matrix membrane with very small pores, so that resistance to airflow is significant, but overcome by the greater surface made available by pleating. The other group consists of filters with a small flat surface area. The fibres are less dense, hence the pore size is greater, resulting in less airflow resistance.
Small pore size is not essential for effective filtration, particularly of airborne microorganisms. They eventually impact on the surface of individual fibres either directly (direct interception) or as a result of their motion (inertial impaction) 53 . Viruses, with their small mass, have considerable Brownian motion, so that the sphere or zone occupied by a single organism is much larger than the organism itself and so there is an increased likelihood of impaction. Electrostatic (Van de Waals') forces hold the organisms within the matrix. This force may be natural, or enhanced with electrets (felt containing a permanent electrical polarity).
All filters are assessed for bacterial filtration efficiency (BFE), and often viral filtration efficiency (VFE). Such figures are used prominently in the marketing of these products. There are several published methods for assessing the filtration efficiencies of filters. The first of these methods was described by Shiotani et al 4 . The filter in question is placed in a test rig, and exposed to a constant flow of aerosol from a nebulizer at the rate of 28.3 litres/minute (1 cubic foot/minute). The nebulizer should provide droplets with a mean particle size of 3 microns (range 2-5 microns). The bacteria used in the nebulized challenge solution should be appropriate to the intended filter application, and there should be a proper ratio between water droplet size and the bacteria size. Distal to the filter is a six-stage Anderson sampler, a multiorificed cascade impactor designed to collect and size viable bacteria in aerosols 11 . Measurements are made of the viable bacteria in suspension in the nebulizer solution, the volume nebulized to the test filter, and the bacterial count on the sampler plates. The challenge time is 20 minutes. In that time, the number of bacteria challenged at the filter should be in the range of 10 6 -10 7 Colony Forming Units (CFUs).
This technique has been used in sponsored studies using Staphylococcus aureus as the challenge bacteria 54 and in other independent studies using different challenge bacteria.
The second method of testing bacterial filtration efficiency was described at the University of Barcelona 55 and is simpler. A test rig containing the subject filter is exposed to an airflow of 1.8 litres/ minute, which has bubbled through a solution containing bacteria in suspension. The challenge time is either 30 minutes or 92 hours. Bacteria that cross the test filter are collected on distal filters. Bacterial filtration efficiency was tested using Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus and Serratia marcescens.
A longer term bacterial challenge of 48 hours was carried out by Johansson 56 , under sponsorship from Engstrom, using a more complicated test rig. This involved a simulated patient above a water-bath attached to a ventilator and tubing isolated from the "patient" by a filter at the patient end of the breathing system, with filters at both the inspiratory and expiratory ports of the ventilator. A nebulizer was used to inject an aerosol of bacterial suspension into the gas stream on the patient side of the breathing system/filter combination. This method was used to assess both the filtration capability and heat and moisture exchange (HME) function of a combined filter/HME product, using Pseudomonas diminuta as the challenge bacteria on the basis that most of the organisms found in ventilator tubing are gramnegative bacilli 19 .
Viral filtration efficiency is more difficult to assess. Both methods may be utilized, but the viral suspensions used to challenge the filters require initial preparation in a bacterial medium, from which it is cleared, then collected on a suitable surface, such as an agar plate overlayed with bacteria that will support viral growth. Nelson Laboratories use a stock bacteriophage ø-X174 prepared by inoculation into Escherichia coli strain C 57 . The virus may not be immediately relevant to the filter's intended use, but its size and ability to be detected make it useful to study. Queralt 56 used bacterial viruses such as FC3-9, FC3-8 (which infect Klebsiella pneumoniae), C3 and SLP (which infect Serratia marcescens) to assess the viral retention capabilities of the subject filters.
Not surprisingly, the results of the pub-lished sponsored testing of filters has been generally favourable. The Nelson Laboratories review of Pharma Systems AB filters found a bacterial filtration efficiency >99.91% 58, 59 and a viral filtration efficiency >99.84% 57 . The VFE study for Gambro 60 produced the same figure, while the study for Arc Medical Inc 61 found a BFE of 99.99% for their product. In addition to the sponsored testing of individual company products, several independent studies of bacterial filter efficiency have been published. Mebius 62 compared seven filters using the technique described by Shiotani. The mean filtration capacity of each brand corresponded well to the published capability of the unit. Variations observed ranged from ±0.0002% to ±0.0013% around bacterial filtration efficiencies of 99.9956% to 99.9997%. Of note was the Pal Pro Tec filter, recording the lowest bacterial filtration efficiency of 99.8803±0.0234%. According to the manufacturers 63 the filter can be expected to reduce the risk of cross-contamination by a factor of 1 million. Since cross-contamination requires two passes through the filter, each pass should then have a probability of one in a thousand. Using the figures derived from the study of the Pal Pro Tec device, this should mean that the risk of cross-contamination would be reduced about 1 billionfold.
Hydrophobicity is a characteristic of some filters. Water forms droplets on water-repellent fibres and will pass between fibres if pores are large enough 53 . If pores are sufficiently small, the material is considered to be completely hydrophobic. The fibres of pleated membranes are usually a resin-bond, ceramic or similar substance, which, in combination with a very small pore size, renders the filter hydrophobic 64 . In filters that are not hydrophobic water droplets may move through the filter material, increasing the density of the filter, increasing airflow resistance and causing a loss of electrostatic forces. The organismretaining capability of the filter is seriously diminished by this process, and bacterial contamination of the system can occur 65 .
Hedley and Allt-Graham com-pared composite HME-filters with a pleated membrane filter in their ability to resist passage of artificial saliva during mechanical ventilation in a test rig 65 . Although the material in the composite filters was hydrophobic, the larger pore size allowed the ingress of the artificial saliva into, and passage through the filter material in 22-38 minutes. Lee, Ford, Hunt, Ireland and Swanson 66 subjected several HME-filters to a liquid challenge. A hydrostatic pressure of 23 cm H 2 O was sufficient to breach all filters tested except for the Pall membrane. There was little reduction in the bacterial concentration of the filtrates compared with the challenging solution. The authors concluded that contaminated fluids may soak through an HME filter at working pressures. The Pall filter was eventually breached, but at a pressure much greater than those normally found in anaesthesia. The authors subsequently posed the question as to whether it is clinically preferable to prevent passage of liquid secretions and risk occlusion of thefilter, or to allow passage of such fluids and risk contamination.
The development of a combined heat-moisture exchanger and filter has several potential advantages. By removing the need for conventional humidification and keeping humidified gases confined to the endotracheal tube, the anaesthetic breathing circuit is kept drier. Potential liquid reservoirs of infection are removed. Hedley and Allt-Graham 65 compared some combined filter-HME products with products marketed strictly as HMEs or as filters. They found one such device marketed solely as an HME demonstrated poor filtration properties (6.8%-40%), while all devices marketed as filters achieved a bacterial filtration efficiency >99.97% when dry. Bygdeman, von Euler and Nystrom 20 investigated the performance of an HME to verify claims that it may act as a bacterial barrier. They found that it did not prevent patient contamination of ventilators.
Many groups have demonstrated a marked reduction in the recovery of bacteria from anaesthetic breathing circuits by the use of bacterial filters. Shiotani et al 4 found that the presence of a bacterial filter between the Y-piece of a breathing system and a source of contamination (nebulized bacteria) prevented any detectable breathing circuit contamination. Similarly, Leitjen et al 13 used an HME filter (Pall BB50T) at the Y-piece, between the anaesthetic machine breathing system and their simulated patient (nebulized aerosolized bacterial suspension of Staphylococcus marcescens) and prevented any detectable contamination of the breathing system, in the face of a large bacterial challenge.
Gallagher et al 6 found that use of a filter at the endotracheal tube between the patient and the breathing system resulted in a contamination rate similar to that for clean breathing circuits. There was no difference in the number or type of organisms isolated in the inspiratory and expiratory limbs. Increasing duration of ventilation was not associated with increasing bacterial contamination. They also noted that the rate of colonization or infection of ventilated patients with Pseudomonas aeruginosa in the Intensive Care Unit was lower during the study period than in the comparable period for the previous year. Luttropp and Berntmann 3 noted that when filters were placed between the endotracheal tube and the circle, bacteria could be found on the patient side of the filter but not on the circuit side.
In contrast, an occasional report has appeared to dispute the effectiveness of filters. Brooks, Gupta and Baker 67 examined twenty anaesthetic machines and breathing circuits collected over six months in a tertiary care hospital revealing contamination of 25% of the circuits with coagulase-negative staphylococcus and a pseudomonas-like organism. Eighteen ventilators were cultured at the bellows and/or expiratory valve. Of these, 44% were found to be contaminated. Luttropp and Berntmann 3 conceded that, in their work, the absence of a bacterial filter between the endotracheal tube and the breathing system did not increase the contamination of either the breathing circuit or the ventilator.
Complications
The use of bacterial/viral filters is not problem free. Buckley 68 described an episode of increased resistance to ventilation when used with a heated waterbath humidifier. Incorrect positioning of the filters allowed the device to fill with water. Two episodes of bilateral tension pneumothoraces have been described, both caused by obstruction of the filter with sputum 69, 70 . As a result, high end-expiratory pressures were generated in the lungs, causing a bilateral pneumothorax, and in one case a pneumoperitoneum. An episode of filter obstruction was noted following use of nebulized albuterol, causing a similar high resistance to expiratory flow 71 . Several episodes of sudden filter obstruction have been reported in this country 72 in conjunction with nebulized drug use. At least two cases of hypoxia have been reported where bacterial filters have been implicated. Schwartz 73 describes a case of hypoxia during cardiopulmonary bypass. As a result of cracks in the filter housing of the gasline filter, gas followed the path of least resistance to the environment. Kopman 74 describes a case of filter obstruction by oedema fluid, presenting as hypoxia because of failure to ventilate.
CONCLUSION
With the exception of the intensive care setting, there is little evidence to implicate anaesthetic machines and breathing systems as either a source of or vector for bacterial infection of patients undergoing general anaesthesia within the operating theatre. Bacterial/viral filters appear to be highly effective at filtering gas flow in anaesthetic breathing systems provided they remain dry, and are also useful in protecting the breathing system from gross contamination. Their use as microbiological barriers for bacteria appears to be very effective, and when placed between the patient and the breathing system should provide protection of the breathing system from patient contamination, as well as patient protection from a possibly contaminated breathing system. Given that organisms must cross a filter twice to cause cross-infection, and that they must survive a relatively hostile environment between passages, the chance of cross-infection during the use of a filter is very small.
The viral filtration efficiency of most filters is usually somewhat less than that for bacterial filtration. The possibility of equipment contamination and cross-infection by viral agents occurring remains unestablished at this time. Given our current concerns at the spread of hepatitis B and C, HIV, and now the presence of hepatitis G, it is not reasonable to argue that the anaesthetic machine and breathing system pose a minimal infectious risk to the patient. The use of filters within the breathing system adds a known risk to the patient, against which must be balanced the unknown risk of viral contamination and cross-infection by agents both known and unknown.
